The degradation of 1,2,3,4-tetrachloronaphthalene (CN-27) featuring a one-side fully-chlorinated aromatic ring, was evaluated over three of the prepared rod-like Fe-Al composite oxides . The results showed that their reactive activities were in the order of FeAl-5 z FeAl-10 [ FeAl-1, which could be attributed to their different pore structural properties and reactive sites caused by the different phase interaction between iron species and the g-Al 2 O 3 . The generation of trichloronaphthalenes suggested the reverse chlorination reaction also happened while the hydrodechlorination reaction was occurring. The C-Cl bond dissociation energies (BDEs) of the parent and daughter polychlorinated naphthalene (PCN) congener were calculated using density functional theory (DFT), to achieve a deeper understanding of a different product yield distribution.
Introduction
Polychlorinated naphthalenes (PCNs) are ubiquitous environmental pollutants consisting of one to eight chlorine substituents on a naphthalene nucleus, representing 75 different congeners. The physical and chemical properties of PCNs are similar to those of polychlorinated-p-dibenzodioxin/dibenzofurans (PCDD/Fs) and polychlorinated biphenyls (PCBs) because of the similarities in their structural properties.
1-3 Therefore, PCNs, as a new type of persistent organic pollutants (POPs), were placed in Annexes A and C of the Stockholm Convention at a Conference of the Parties on POPs in 2015. 4 They were widely used in a variety of different applications, including wood preservatives, engine oil additives, electroplate masking compounds and dye production, as well as components in cable insulation. 5, 6 Although the production and use of PCNs have been prohibited since the 1980s in the United States and Europe, they still persist in the environment because of their good bioaccumulation and degradation-resistant properties. 7 On the other hand, the PCNs are being unintentionally produced as a result of thermal industrial processes, including cooking and metallurgy, which contribute a great deal to the concentrations of PCNs currently detected in the environment. Nie et al. collected stack gas and y ash samples from a typical magnesium plant and determined an emission factor of 3329 mg t À1 for PCNs. 8 Lee et al. found that numerous PCN congeners were routinely formed during the combustion of solid fuels for domestic heating in the United Kingdom, where the lower-chlorinated congeners were determined with their higher emission factors (EFs). 9 Several reports have investigated the 2,3,7,8-tetrachlorodibenzo-p-dioxin relative potency factors of PCNs.
10, 11 The results of several toxicity tests have shown that PCNs can potentially exhibit embryonic toxicity, liver toxicity, immunotoxicity, skin toxicity and carcinogenicity.
12, 13 Being able to effectively control the release and formation of PCNs in the environment is therefore a matter of serious public concern in the context of environmental protection. Catalytic dechlorination reactions that can be conducted at low temperatures have attracted considerable attention, because they allow for the conversion of aromatic chlorohydrocarbons into less or not toxic chemicals. [14] [15] [16] A variety of different metal oxides have been investigated for the degradation of POPs. Nomura et al. investigated the degradation of PCNs by the mechanochemical treatment of the materials with CaO and found that complete decomposition required only one hour of milling. 17 Multicomponent metal oxides are composite materials with different cationic components that ll the spaces built by close-packed O 2À species, imparting high temperature resistance and good chemical stability. These materials are multifunctional, allowing them to reach levels of reactivity that single metal oxides would be unable to achieve. [18] [19] [20] Several studies have reported that multicomponent materials exhibit high levels of activity toward the degradation of chlorinated aromatics. Yu et al. reported the development of a VO x /TiO 2 catalyst that exhibited high degradation efficiency towards the decomposition of PCDD/Fs. Furthermore, the addition of MnO x or CeO x to this system enhanced its oxidation activity. 21 Huang et al. compared the decomposition of decachlorobiphenyl over several multi-metal oxides, including NiFe 2 O 4 and Fe 2 O 3 , and found that decachlorobiphenyl were degraded much more efficiently over NiFe 2 O 4 .
22 Based on their excellent physicochemical properties, considerable research efforts have been directed towards the development of highly active composite oxides for the degradation of aromatic chlorohydrocarbons.
23
The composite oxides containing defect spinel structure of gAl 2 O 3 , endows the surface a certain bonding ability, showing the special chemical activity center. The complex crystal structures of g-Al 2 O 3 consist of spinels, which are responsible for the bonding abilities of these materials and their chemical activity towards hazardous pollutants. [24] [25] [26] For example, the calcination of the composite material NiO/g-Al 2 O 3 at high temperatures leads to the formation of a ne particles with a diameter of 322 AE 69 nm, which exhibit good photocatalytic efficiencies of 85.56% for the degradation of rhodamine B. 27 Sohn et al. reported the preparation of a new solid super acid catalyst, and found that dispersions of zirconium sulfate supported on gAl 2 O 3 exhibited excellent activity for the formation of super acidic sites for the dehydration of 2-propanol and dealkylation of cumene. 28 The iron-containing catalysts were also attracted much attention for its inexpensive cost and plentiful content. As a harder Lewis acid, the iron(III) allows better activation of carbon halide bonds. Patra et al. reported the highly ordered TiO 2 -Fe 2 O 3 mixed oxide and found its efficient dehalogenation to the aromatic chloride-, bromide-, and iodide-tolerating -F, -CN, -CH 3 , -OCH 3 and -NO 2 functional groups in the aromatic ring. 29 However, very little work has been reported for the degradation of PCNs on aluminum-iron mixed oxide.
It is important to determine the degradation mechanisms associated with composite materials to allow for the design of increasingly reactive catalysts with enhanced applications. We previously investigated the decomposition of two-side fullychlorinated octachloronaphthalene (CN-75) over Fe 3 O 4 micro/ nanomaterials at 300 C and identied a series of reductive hydrodechlorinated products. 30 The mechanism proposed for this transformation suggested that the hydrodechlorination of the CN-75 began preferentially at the a-position. Higher amounts of the CN-73, CN-66/67, CN-52/60 and CN-8/11 isomers in their homologous congeners were detected in this particular study. These differences were attributed to the lower energy principle and steric effects. 30 The model compound CN-75 is a symmetrical and fully chlorinated naphthalene structure in two sides. Given that there are 75 different congeners of PCNs, a study involving a structurally different model compound would be useful to enhance our overall understanding of the degradation mechanisms of these compounds.
Three different Fe-Al composite oxides were successfully prepared in the current study using an ethylene-glycol-mediated method combined with impregnation-burning synthesis. The morphological characteristic and pore structures of the composite oxides were characterized experimentally. The reactivity of the as prepared Fe-Al composite oxides toward model compound 1,2,3,4-tetrachloronaphthalene (CN-27) featuring one-side fully-chlorinated aromatic ring, was evaluated at 300 C.
To develop a comprehensive understanding of the hydrodechlorination pathways of PCNs, the hydrochlorinated products of CN-27 were determined by gas chromatography-mass spectrometry (GC/MS). , to be used as a reference for the different degradation products. Model fomite CN-27 was also purchased from AccuStandard. Pesticide-grade hexane was purchased from Dika Technologies (Lake Forest, CA, USA). All of the other chemicals were purchased from Beijing Chemical Co., Ltd (Beijing, China) and used without further purication. In a typical procedure, aluminum nitrate (8 g) and urea (20 g) were added to an aqueous solution containing 16 g of PEG (M n ¼ 20 000). The mixture was transferred to a high-pressure stainless steel autoclave (100 mL), which was sealed and imbedded in the drying oven at 120 C for 24 h. The mixture was then cooled to room temperature and centrifuged to give a white precipitate, which was washed several times with deionized water. The solid material was then dried under vacuum at 80 C for 8 h to give the desired precursor material. The ammonium aluminum carbonate precursor was calcined at 900 C for 3 h to afford g-
31 Composite oxides containing different molar ratios of Fe-Al were prepared as follows: freshly prepared samples of gAl 2 O 3 (0.5 g) were added to three separate beakers, followed by ethanol. Each beaker was treated with a different amount of Fe(NO 3 ) 3 $9H 2 O (39.6, 198 or 396 mg), resulting in solutions with Fe-Al molar ratios of 1 : 100, 5 : 100 and 10 : 100, which were will be referred to hereaer as FeAl-1, FeAl-5 and FeAl-10, respectively. The three different mixtures were subjected to ultrasonic irradiation for 30 min under heating, before being calcined at 350 C for 3 h to obtain the Fe-Al composite oxides.
Characterization of the different materials
The morphological characteristics of the composites prepared in the current study were characterized by scanning electron microscopy (SEM, Hitachi SU-8020) and X-ray diffraction (XRD, Rigaku D/max 2500 with CuKa radiation, 40 kV, 100 mA) analysis. The effects of varying the molar ratio of Fe-Al on the surface characteristics of the composite catalysts were evaluated by X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250 instrument with Al Ka (1486.6 eV) radiation (200 W, 200 eV) as the X-ray source. These experiments were conducted with an operating pressure of about 1 Â 10 À8 Torr. The surface areas and pore volumes of the materials were calculated using the BET model on an ASAP 2400 system.
Activity measurement
The activities of the composite oxides prepared in the current study were evaluated in sealed sample cells (volume about 1 mL). The sample cells were made from glass tubes, with its ends carefully sealed via the alcohol blast burner. Prior to each reaction, 1 mL of a hexane solution of CN-27 (1503.8 nmol) was mixed with different amounts of the Fe-Al composites containing different molar ratios of Fe and Al in a sealed ampoule. The ampoules were then heated in a reactor at 300 C for 1 h.
The sealed ampoules were then cooled to room temperature and crushed, before being extracted several times to allow for the analysis of the products. All of the extraction steps were repeated at least twice and a blank experiment was carried out without CN-27 under the same conditions. A control experiment was also carried out without the composite oxides. All of the experiments were conducted in triplicate to ensure the repeatability of the results. Degradation efficiency (DgE) was calculated using the following equation:
Dechlorination efficiency (DcE) was calculated using the following equation:
where I CN-27 is the initial number of moles of CN-27 and R CN-27 is the number of moles of CN-27 remaining aer the reaction. I Cl is the initial number of moles of total chlorine on the CN-27
and R Cl is the number of moles of chloride ion detected aer the reaction.
Product analysis
Aer the decomposition reaction, the ampoule was crushed and extracted with hexane (Fisher Scientic). The extracts were analyzed using an Agilent 6890 gas chromatograph equipped with a DB-5MS capillary column (30 m Â 0.25 mm i.d., 0.25 mm lm thickness) and an Agilent 5973N mass selective detector (MSD). Helium ($99.999%) was used as the carrier gas at a ow rate of 1 mL min À1 . A 1.0 mL aliquot of the diluted sample was injected in the splitless mode. The injector temperature was set at 260 C. The column temperature was initially set at 75 C for 2 min, before being gradually increased to 150 C at a rate of 20 C min À1 , followed by a further increase to 205 C at a rate of 1.5 C min À1 . The temperature was then raised to 270 C at 2.5 C min À1 . An ionization energy of 70 eV was used in the electron ionization system. All of the monomers resulting from the PCN products were analyzed both qualitatively and quantitatively to further explore the nature of the chlorination/ dehydrogenation reactions over the Fe-Al composite oxides. The qualitative analysis of the PCNs was based on the m/z values of the ions detected by mass spectrometry, as well as the retention times and the relative retention time intervals between adjacent compounds. The levels of unconverted CN-27 and PCNs produced during this process were quantied in the selected ion monitoring mode using the two most abundant ions in the molecular ion clusters and those of the corresponding or adjacent CN-27 standards. Full-scan MS were also recorded to further clarify the structures of any ambiguous chloronaphthalenes. The analysis of chloride ion removed during the reaction between CN-27 and Fe-Al mixed oxides and the organic acids was undertaken by ion chromatography (IC) using a Dionex Model ICS5000 instrument equipped with an AS-AP automated sampler at 30 C. A Dionex Ionswi MAX-100G guard column (50 mm Â 0.4 mm i.d.) and a Dionex Ionswi MAX-100 analytical column (250 mm Â 0.4 mm i.d.) were used. The eluent was potassium hydroxide that was generated from Dionex EG online and run in a linear gradient at a ow-rate of 10 mL min À1 .
Theoretical calculations
All theoretical calculations were conducted using the Gaussian 09 program suite (Frisch et al., 2010) . 32 The geometry optimizations and vibrational frequencies for all the stationary points were calculated using the M06-2X functional with the 6-311G(d,p) basis set. Fig. 1 . The SEM images showed that all three of the Fe-Al composite oxides consisted of bers that were about 10-15 mm in length and 1.0-1.5 mm in width with a rod-like structure. From a three dimensional perspective, the micro/nano structures assembled into aky-petal structures. Power-like substances were observed among the bers, which gradually increased in amount, going from FeAl-1 to FeAl-5 and ultimately to FeAl-10. These particles and the increase observed in their size were attributed to the increasing Fe content of the species impregnated on the g-Al 2 O 3 structure. The EDX patterns indicated that all of these materials consisted of iron, aluminum and oxygen. As the amount of Fe(NO 3 ) 3 $9H 2 O used in the preparation of these materials increased, so too did the proportion of iron found in the composites, as indicated in the SEM pictures.
Results and discussions

Characterization of the materials
The wide angle XRD patterns of the Fe-Al composite oxides are shown in Fig. 2 results revealed that FeAl-10 had the largest surface area at 108 m 2 g À1 , followed sequentially by FeAl-5 and FeAl-1, which had surface areas of 98 and 89 m 2 g À1 , respectively. These pore structure data showed that the specic surface areas of the composites increased with increasing ferric content, whereas the pore diameter and pore volume decreased.
Activity analysis
The activities of the three different composite materials were evaluated based on their degradation efficiencies (DgE). Fig. 3 shows the DgE values of CN-27 over the different Fe-Al composites aer 1 h at 300 C. Notably, the degradation efficiency of the FeAl-5 reaction system reached up to 93.0 AE 1.2%, which was close to that of FeAl-10 system (90.2 AE 1.4%). In contrast, the FeAl-1 system showed a much lower DgE value of 38.7 AE 1.4% when the reaction was conducted under the same conditions. The reactivity of these systems therefore followed the order FeAl-5 z FeAl-10 [ FeAl-1. Besides, the dechlorination efficiencies of Fe-Al-1, Fe-Al-5 and Fe-Al-1 were observed to be 31.2%, 53% and 46.6% respectively. Patra et al. reported TiO 2 -Fe 2 O 3 mixed oxides' efficient dehalogenation to the aromatic chloride-ring and found that iron(III) allow better activation of carbon bonds, which may explain the better performance of Fe-Al-5 and Fe-Al-10. 29 The reactivities of a material is largely dependent on the number of active sites available on the surface of the catalyst, which is generally dependent on several factors, including the surface area, pore volume and phase composition. Fan et al. reported that catalysts with high BET surface areas and high pore volumes can exhibit higher activities than those with smaller values for these parameters. 35 Su et al. reported that the enhanced performance of Ce 0.2 TiAl a O x towards the decomposition of 1,2,4-trichlorobenzene and nitrogen oxides could be attributed to its unique structural properties, resulting from the deposition of Al species and more Ce species, leading to greater interactions between the different phases. 36 With this in mind, we speculated that the higher surface areas and enhanced interactions between the g-Al 2 O 3 and Fe 3 O 4 /Fe 2 O 3 phases could contribute to higher reactivity of FeAl-5 and FeAl-10 compared with FeAl-1.
Reactive oxygen species are also believed to be involved in the activity of these systems. 33 With this in mind, we investigated the surfaces of the composite oxides by X-ray photoelectron spectroscopy (XPS). The results shown in Fig. 4 clouds of high-density organic molecules, resulting in damage to organic carbon structures. We speculated that the presence of active oxygen species on the surfaces of the catalysts prepared in the current study could contribute to the reactions occurring during the degradation of CN-27. [37] [38] [39] In this study, the proportions of electrophilic oxygen (O a ) observed on the FeAl-1, FeAl-5 and FeAl-10 composites were calculated as 20.4%, 33.9% and 28.1%, respectively. The higher ratios of electrophilic oxygen (O 2 -and O -) observed in the FeAl-5 and FeAl-10 materials could therefore explain why these materials showed higher reactivity toward the degradation of CN-27 than FeAl-1. In addition, XPS characterization could be also used to conrm the composition of the elements and their valent state in the as-prepared Fe-Al-O nanoshpere (see Fig. S1 †) . This journal is © The Royal Society of Chemistry 2017
PCN product identication and involved mechanism compared to that of CN-75
In the former study, we investigated the hydrodechlorination of two-side fully-chlorinated CN-75, and revealed that it preferentially began at its a-position. 30 To develop a comprehensive understanding of the hydrodechlorination pathways of PCNs, we also investigated the PCN products resulting from the decomposition of CN-27 featuring fully chlorinated ring only at one side. Fig. 5 shows the GC-MS chromatograms of the samples obtained following the degradation of CN-27 in the presence of the FeAl-1, FeAl-5 and FeAl-10 reaction systems at 300 C aer 1 h. The products were identied based on a comparison of their mass spectra data with those found in the NIST02.L spectral database, as well as a comparison of their retention times with those of several standards. As listed in Table 2 , a series of PCN products were identied following this process, including pentachloronaphthalenes (PeCNs), tetrachloronaphthalenes (TeCNs), MoCN (CN-1) . The total amount of TrCNs observed during the degradation of CN-27 over the FeAl-5 reaction system reached up to 551 nmol, which was similar to the value of 588 nmol observed for FeAl-10.
In contrast, the FeAl-1 system gave a much lower amount of 180.3 nmol. The total amounts of DiCNs and MoCNs produced during the degradation of CN-27 over the FeAl-5 system were 141.7 and 20.63 nmol, respectively. The FeAl-10 system gave smaller values of 112.8 and 7.32 nmol, respectively, whereas the FeAl-1 system afforded none of these degradents. Besides the series PCN products, the cracking products such as formic acid and acetic acid were also observed indicating the occurrence of oxidation pathway (see Fig. S2 †) .
With the identication of the intermediates, the possible hydrodechlorination and chlorination pathways were traced as shown in Fig. 6 . The detection of the newly formed lower chlorinated naphthalenes (i.e. TrCNs, DiCNs and MoCNs) indicated the occurrence of successive reductive hydrodechlorination reactions during the degradation of CN-27 over the Fe-Al composite oxides prepared in the current study. A similar successive reductive hydrodechlorination pathway was also observed during the degradation of CN-75 over micro/nano Fe 3 O 4 .
30 The reverse chlorination pathway was observed with Two TrCN isomers (i.e., CN-13 and CN-14) were identied during the rst hydrodechlorination step, which were likely produced by the dechlorination of the CN-27 at its a-and bpositions, respectively. However, the CN-14 contents of the samples resulting from the degradation of CN-27 over the FeAl-1, FeAl-5 and FeAl-10 reaction systems were 71.5%, 77.7% and 75.9% of the total TrCN (i.e., both isomers) contents, respectively. This result indicated that remarkably high levels of CN-14 than CN-13 were being generated during the rst step of this degradation reaction. To develop a deeper understanding of the discrepancy observed between the experimental yields of the two TrCNs, we calculated the C-Cl bond dissociation energies (BDEs) of the parent molecule CN-27 using density functional theory (DFT), as shown in Table 3 . The BDE of the C-Cl bond at the a-position of CN-27 was determined to be 385.346 kJ mol À1 , slightly higher than the value for the C-Cl bond at the b-position, which was found to be 380.417 kJ mol
À1
. This result indicated that it would be easier to break the C-Cl bond at the bposition of CN-27 than the C-Cl bond at the a-position. Zhai et al. reported the standard energy of formation (DH 0 f ) and the standard free energy of formation (DG 0 f ) values of 75 polychlorinated naphthalenes using a DFT method. 32, 40 In this study, the DH exceeded the other three by taking 30.6% and 29.8% of total amount of four DiCN isomers at FeAl-5 and FeAl-10 reaction systems respectively. 40 In contrast, no DiCN isomers were detected in the FeAl-1 reaction system. The differences observed in the contents of the DiCN isomers were small compared with those of the TrCN isomers. However, we observed the formation of two MoCN isomers (i.e. CN-1 and CN-2) when the time allowed for the hydrodechlorination reaction step was extended. Furthermore, the thermodynamically stable isomer CN-2 with reported DH contents following the degradation of CN-27 over the FeAl-5 and FeAl-10 reaction systems respectively. 40 It is noteworthy, however, that we did not observe any MoCN isomers when we conducted the degradation of CN-27 over the FeAl-1 reaction system.
Trace amounts (0.54 and 1.04 nmol) of the PeCN congener CN-50 were also produced during the degradation of CN-27 over the FeAl-1 and FeAl-10 reaction systems, respectively. Considering its structure, CN-50 would most likely be produced by the chlorination of CN-27 at its 6-or 7-position. However, it would not be possible to distinguish between these different chlorination reactions during the degradation of CN-75 over the Fe 3 O 4 because of the fully chlorinated structure of the parent compound. 30 The degradation of CN-27 would lead to the formation of CN-33 and CN-44, which are structural isomers of CN-27. It is possible that CN-33 and CN-34 could be produced by the chlorination of CN-14 at its 6-or 7-position or the dechlorination of CN-50 at its 2-or 3-position, respectively. However, the contents of these congeners were determined to be in the range of 36.2-68 nmol, which is much higher than that of CN-50. The C-Cl bonds energy were investigated to explain the yields difference as listed in Table 3 , which depends on the rates of formation and consumption of these compounds. The energy required for the formation of CN-50 via the chlorination of CN-27 at its 6-or 7-position was determined to be 392.878 kJ mol
. This value was very close to the energy values required for the formation of CN-33 and CN-34 via the chlorination of CN-14 at 6-and 7-positions, which were with 393. 714 , respectively. This indicates the easier consumption via the dechlorination pathway of CN-50 compared with CN-33/34. Their similar formation and discriminating consumption ratio gives an explanation to their content difference. Especially, the much lower BDEs at 2-or 3-position of CN-50 may result in the occurrence of CN-50 / CN-33/34 with the case of the cleavage of these C-Cl bonds, which makes a further contribution to their yield difference.
With the identication of products, the reaction pathways of CN-27 over the Fe-Al composite oxides were able to be traced. An occurrence of the successive hydrodechlorination reaction could be reected by CN-27 / TrCNs (CN-13 and CN-14) / DiCNs (CN-3, CN-4, CN-5 and CN-10) / MoCNs (CN-1 and CN-2). The major hydrodechlorination pathway was determined by identifying the major products at each stage. According to the yield of the PCN products as listed in Table 2 , it was judged that major hydrodechlorination pathway was: CN-27 / CN-14 / CN-4 / CN-2. The reverse chlorination reaction also happened while the hydrodechlorination reaction was occurring. CN-50 and CN-33/34 would most likely be produced by the chlorination of CN-27 and CN-14, respectively.
Conclusion
Varying mole ratio of rod-like Fe-Al composite oxide materials were prepared using an ethylene-glycol-mediated method combined with impregnation-burning synthesis. The degradation of the model compound CN-27 featuring one-side fully-chlorinated aromatic ring, was performed over as-prepared Fe-Al composite oxides. The results revealed that the reactivities were of the order FeAl-5 z FeAl-10 [ FeAl-1. This order was largely affected by the pore structures and surface active sites difference shown in the BET test and XPS analysis. This inuence may result from the mutual interaction between the Fe and Al species in the composite structures. Series products from PeCNs to MoCNs congeners were generated in the different reaction systems, suggesting the occurrence of successive hydrodechlorination and side chlorination pathways. Among the two isomers of TrCNs generated in the rst-step dechlorination, the amount of CN-14 exceeded that of CN-13 from 71.5% to 77.7% across the three different systems. This suggested that the onset of hydrodechlorination producing lower chlorinated naphthalenes (CNs) is more favored on the bposition than the a-position, whereas the two-side fully chlorinated aromatic structure of CN-75 would favor hydrodechlorination at the a-position over Fe 3 O 4 . The structural differences between two-side fully-chlorinated aromatic rings and one-side fully-chlorinated aromatic rings would have a pronounced impact on the dechlorination pathway. According to the yield of the PCN products, it was judged that major hydrodechlorination pathway was: CN-27 / CN-14 / CN-4 / CN-2. Additionally, the detected CN-50 and CN-33/34 suggested the reverse chlorination reaction also happened while the hydrodechlorination reaction was occurring. The C-Cl BDEs of the parent and daughter PCN congener were calculated using DFT, to achieve a deeper understanding of the discrepancy observed between the experimental yields of the products.
